ABSTRACT Recent multi-band variability studies have revealed that active galactic nucleus (AGN) accretion disk sizes are generally larger than the predictions of the classical thin disk by a factor of 2 ∼ 3. This hints at some missing key ingredient in the classical thin disk theory, which is likely wind as we propose. For a given bolometric luminosity, in the outer part of an accretion disk, the effective temperature in the wind case is higher than that in the no-wind one.; meanwhile, the radial temperature profile of the wind case is flatter than the no-wind one. In presence of winds, for a given band, blackbody emission from large radii can contribute more to the observed luminosity than the no-wind case. Therefore, the disk sizes of the wind case can be larger than those of the nowind case. We demonstrate that a model with the accretion rate scaling asṀ 0 (R/R S ) β (i.e., the accretion rate declines with decreasing radius due to winds) can match both the inter-band time lags and the spectral energy distribution of NGC 5548. Our model can also explain the inter-band time lags of other sources. Therefore, our model can help decipher current and future continuum reverberation mapping observations.
INTRODUCTION
The cross correlation between two light curves of active galactic nucleus (AGN) continuum emission can provide model-independent constraints on the accretion disk sizes. The inter-band correlations might be caused by X-ray (e.g., Krolik et al. 1991) or far-ultraviolet (FUV) reprocessing (Gardner & Done 2017) . According to the reprocessing scenario, X-ray or FUV emission acts as an external energy source (in addition to the internal viscous dissipation) and heats the outer accretion disk. As a result, emission at longer wavelengths (e.g., UV, optical and infrared (IR)) varies in response to X-ray or FUV variations (i.e., the "driving light curves") after a light-travel time delay (i.e., continuum reverberation mapping). Therefore, the inter-band time lags can probe the accretion disk sizes. However, the observed interband time lags are incompatible with the classical thin disk theory of Shakura & Sunyaev (1973) . Indeed, the observed accretion disk sizes are 2 ∼ 3 times larger than the theoretical expectations (e.g., Edelson et al. 2015; Fausnaugh et al. 2016; Edelson et al. 2017; Jiang et al. 2017; McHardy et al. 2017; Starkey et al. 2017) . Accretion disk sizes inferred from microlensing observations of quasars are also larger than expected (e.g., Morgan et al. 2010) . These observational results indicate that some key ingredient is missing in the classical thin disk theory.
Several scenarios have been proposed to explain the largerthan-expected accretion disk sizes. For instance, Dexter & Agol (2011) suggest that an inhomogeneous accretion disk with temperature fluctuations can explain the microlensing results. With some further modifications, this model can also explain the timescale-dependent color variations (Cai et al. 2016; Zhu et al. 2017 ) and accretion disk sizes . Gardner & Done (2017) argue that the observed interband time lags are not the simple light-travel timescales but correspond to other physical timescales (e.g., the dynamical or thermal timescales). It is also speculated that the largerthan-expected time lags are caused by contribution of diffuse continuum emission from broad emission line (BEL) region McHardy et al. 2017 ). Last but not least, a non-blackbody disk due to electron scattering in the disk atmosphere can be used to explain the observed time lags; however, such a disk emits too much soft X-ray emission (Hall et al. 2018) .
Here, we propose an alternative model to explain the larger-than-expected accretion disk sizes: an accretion disk suffers from significant winds. To emit the same bolometric luminosity (L bol ), in the outer part, the effective temperature of the disk with winds is higher than the no-wind one. In presence of winds, the radial temperature profile is flatter than the classical T (R) ∝ R −3/4 law. As a result, for a given band, blackbody emission from large radii can con-tribute significantly to the total luminosity. Therefore, the accretion disk sizes inferred from inter-band time lags are larger than those of the classical disk model. This work is formatted as follows. In Section 2, we explain our model in detail and explore the inter-band time lags of NGC 5548. We discuss our results in Section 3. We adopt a flat ΛCDM cosmology with h 0 = 0.7 and Ω M = 0.3.
THIN DISK WITH WINDS
2.1. General arguments
We consider that the thin disk suffers from significant winds with a radius-dependent mass rate, i.e.,Ṁ is a function of radius (R). The exact form ofṀ is not well known for thin disk. According to some magnetically driven wind models (e.g., Blandford & Payne 1982; Cao & Spruit 2013) and numerical simulations of hot accretion flows (e.g., Yuan et al. 2012a) ,Ṁ can be expressed in a self-similar form,
where the dimensionless parameter β denotes the strength of winds (without winds, β = 0); r = R/R S is the radial distance (R) to the central supermassive black hole (SMBH) in units of the Schwarzschild radius (R S = 2GM BH /c 2 , where G, M BH and c are the gravitational constant, black hole mass and speed of light, respectively); andṀ 0 is a normalization factor (i.e.,Ṁ 0 r β in is the accretion rate at the innermost stable circular orbit (ISCO), r in ). The disk emits multitemperature black-body emission. The gravitational energy converted into the observed bolometric luminosity is
where r in = 3 for a non-spinning Schwarzschild black hole, and r out ( r in ) is the outer boundary of the accretion disk (which is likely determined by the self-gravity radius; the self gravity dominates over the gravity of SMBH beyond this radius). For simplicity, we ignore the 1 − 3r in /r term or relativistic effects. Such corrections are unimportant for UVoptical-IR emission regions. The local effective temperature of the disk is
where σ is the Stefan-Boltzmann constant. In Figure 1 , we show the temperature profile for the no-wind and the wind with β = 0.3 cases.Ṁ 0 is chosen such that the two cases have the same L bol . The temperature profile of the wind case is flatter than that of the no-wind case. In addition, in the outer disk (r > 10), the effective temperature of the wind case is also higher than that of the no-wind case. For a given wavelength λ, we can define a characteristic radius by setting k B T eff = hc/λ, that is, 
At outer radii (i.e., r > 10), the effective temperature T eff for the wind case is larger than that for the no-wind case.
where h and k B are the Planck constant and the Boltzmann constant, respectively. In reverberation mapping observations, the measured sizes are not R(λ) but close to the fluxweighted radius (Fausnaugh et al. 2016 ) if the response function is proportional to flux. For the face-on case,
where B(λ) is the Planck function. It can be proven that, if hν/k B T eff (r out ) 1 and hν/k B T eff (r in ) 1 (e.g., the optical bands), the ratio X = R fl /R λ is
where ζ(x) and Γ(x) denote the Riemann-zeta function and the Gamma function, respectively; otherwise (e.g., for the near-IR bands), Eq. 6 overestimates X. It is clear that X increases with β (Figure 2 ). This disk is illuminated with a driving light curve; the emission region of the driving light curve is assumed to be a point source located above the SMBH with a scale height of H = 5 R S . It is argued that the observed X-ray light curves are not consistent with the driving light curve (Gardner & Done 2017; Starkey et al. 2017 , but see Sun et al. 2018b ). Therefore, we assume the driving light curve and the 1367Å light curve are similar. The mean luminosity of the driving light curve (L illu,0 ) is fixed to be 1/3 of the local viscous dissipation rate (Fausnaugh et al. 2016) .
We fit the 1367Å light curve with the continuous time firstorder autoregressive process (i.e., CAR(1), whose PSD has the following shape PSD(f ) ∝ 1/(f 2 0 + f 2 ), where f 0 is a characteristic frequency) via CARMA 2 (Kelly et al. 2014 ). We then generate mock light curves with a cadence of 0.1 day using CARMA. The baseline of a mock light curve is 180 days, which is similar to the observations of NGC 5548. The mock light curves heat the underlying accretion disk with time delays. The time lag is (Starkey et al. 2017) 
where θ is the azimuthal angle of the accretion disk. The temperature profile of the accretion disk is calculated at each epoch of the mock light curves. We can then obtain the mock light curves of different wavelengths by simply integrating the blackbody radiation over the whole disk. To ob- Figure 3. Time lag (with respect to the 1367Å continuum) as a function of rest-frame wavelength for NGC 5548 (Edelson et al. 2015; Fausnaugh et al. 2016 ). The two star symbols denote the time lags of u and U bands; they are outliers since the two bands are significantly contaminated by BEL emission (Fausnaugh et al. 2016) . The red solid curve indicates the time lag-wavelength relation for our model. The 1σ fluctuations (i.e., the shaded region) are derived from our 256 reprocessing simulations.
tain the time lags relative to the 1367Å light curve as a function of wavelength, we adopt ICCFs (the interpolation cross-correlation function, which shows the correlation coefficient (ρ) as a function of time delay; see, e.g., Peterson et al. 1998) . 3 The time lags are estimated from the centroid of the ICCF, defined as the ρ-weighted lag for which ρ > 0.8ρ max . We repeat this simulation 256 times.
In Figure 3 , we show the time lag as a function of wavelength for our model. For UV-optical bands, the relation follows the 4/(3 − β) law (see Eq. 4); however, for near-IR bands, the relation is flatter because the outer boundary of the disk, which is fixed to 2000 R S , limits the time lags (i.e., Eq. 6 over-predicts X).
4 Our model can explain the observed time lag-wavelength relation well.
We can calculate the spectral energy distribution (SED) of a disk that suffers from winds by simply integrating the blackbody emission of the temperature profile of Eq. 3 over the whole accretion disk. In Figure 4 , we plot the luminosity density L ν versus λ from our model (the blue dashed curve). While our model can fit the optical-IR emission well, it over-predicts the UV emission by a factor of ∼ 2. This inconsistency might be resolved in several ways. For instance, the intrinsic dust extinction can suppress UV emission. To illustrate this idea, we consider the Small Magel- (2016) , which is corrected for Galactic extinction with a Milky Way extinction law (Cardelli et al. 1989 ) and E(B − V ) = 0.0171 mag (Schlafly & Finkbeiner 2011) . The blue dashed line indicates the SED of our disk-with-wind model. This SED over-predicts the observations in the short-wavelength end. However, such a discrepancy can be resolved if the SED suffers weak intrinsic extinction (for E(B − V ) = 0.05 mag and the SMC extinction curve, the resulting SED is shown as the red solid curve).
lanic Cloud (SMC; Gordon et al. 2003 ) extinction curve with E(B − V ) = 0.05 mag (Wamsteker et al. 1990 ). Under such extinction, the predicted SED (the red solid curve) can fit the UV-optical-IR data.
3. DISCUSSIONS The observed larger-than-expected inter-band time lags indicate that some key ingredient is missing in the classical thin disk theory. We propose that the missing ingredient can be wind. If an AGN accretion disk suffers from strong winds, the temperature of the outer disk should be higher than the classical thin disk theory in order to produce the same bolometric luminosity and meanwhile the temperature profile is also flatter (see Figure 1) . For a given band, the outer disk can contribute more to the observed flux. Therefore, our model can explain the observed larger-than-expected disk sizes (see Figures 2 & 3) as well as the observed UV-optical-IR SED (see Figure 4) .
The disk-with-wind scenario has been proposed before to estimate the AGN mass growth rate and SED (Slone & Netzer 2012) . Winds are expected from theoretical arguments (e.g., Blandford & Payne 1982; Jiao & Wu 2011; Cao & Spruit 2013; Gu 2015) , numerical simulations (e.g., Ohsuga et al. 2009; Yuan et al. 2012a Yuan et al. ,b, 2015 and observational results (e.g., Weymann et al. 1991; Murray et al. 1995; Trump et al. 2006; Richards et al. 2011; Filiz Ak et al. 2014; Grier et al. 2015; Sun et al. 2018c) . Such winds might be responsible for the observed warm absorbers in NGC 5548. In our model, the mass outflowing rate of the wind is ∼ 0.7 M yr −1 (i.e., the difference of accretion rate between the inner and outer boundaries), which is close to the observational implications (∼ 0.3 M yr −1 ; Ebrero et al. 2016) . However, it is not realized until this work that the sizes of emission regions of such a disk are larger than those of the classical thin disk.
Our model can also be applied to other sources, such as NGC 4151 (Edelson et al. 2017 ), NGC 4593 (McHardy et al. 2017 or other ensemble studies (Jiang et al. 2017; Homayouni et al. in preparation) . It also has the potential to reconcile microlensing observations of quasars with the classical thin accretion disk theory, which is detailed by Li et al. (in preparation) .
In this work, we do not include a detailed discussion of the physics of winds. If our model is correct, we might use the observed disk sizes to infer wind strength β and test wind models. For instance, in the model of winds accelerated by the magnetic fields, β ≤ 1/3 (Cao & Spruit 2013) . However, β andṀ 0 are degenerate. In this work, we fix β = 0.3 to explain the observations of NGC 5548. In principle, we can also assume a larger value of β (e.g., β = 0.5) and a smalleṙ M 0 to match the inter-band time lags of NGC 5548.
Our model is not the only one that can explain the observed time lag-wavelength relation of NGC 5548. Cai et al. (2018) propose a phenomenological model without X-ray reprocessing to explain the inter-band time lags. Meanwhile, Hall et al. (2018) suggest that, if the atmospheric density of an accretion disk is sufficiently low, scattering in the atmosphere can convert UV-optical photons into higher energy ones and produce apparently larger disk sizes. However, their model fails to match the UV-X-ray SED of NGC 5548. They also speculate that this inconsistency can be resolved if disk suffers from winds and the emission from the innermost regions is suppressed.
Our model cannot explain the large (i.e., a few days) time delay between hard X-ray and UV light curves. One possibility is that the observed time lag is contaminated by diffusion continuum emission from BEL region Sun et al. 2018b) . It is also possible that the observed time delay does not correspond to the light-travel timescale but other timescales (e.g., the dynamical or thermal timescale of a UV torus; see, e.g., Edelson et al. 2017; Gardner & Done 2017) .
All in all, our model can help decipher the UV-optical-IR time lags of current continuum reverberation mapping results. Future continuum reverberation mapping observations can test our model.
